Measuring with a spectroscopic ellipsometer (SE) in the 1.845 eV photon energy region we determined the complex dielectric function (E = e1 + ieZ> of different kinds of amorphous silicon prepared by self-implantation and thermal relaxation (500 "C, 3 h) . These measurements show that the complex dielectric function (and thus the complex refractive index) of implanted a-Si (i-a-Si) differs from that of relaxed (annealed) a-Si (r-a-Si) . Moreover, its E differs from the E of evaporated a-Si (e-a-Si) found in the handbooks as E for a-Si. If we use this E to evaluate SE measurements of ion implanted silicon then the fit is very poor. We deduced the optical band gap of these materials using the Davis-Mott plot based on the relation: (E&'>~'~ -(E -E8). The results are: 0.85 eV (i-a-Si), 1.12 eV (e-a-Si), 1.30 eV (r-a-Si) . We attribute the optical change to annihilation of point defects.
Understanding the structure and properties of amorphous silicon (a-Si) is a scientific challenge of some complexity. ' The problem is that there is not a single type of a-Si. There are several measurements which indicate that the properties of implanted amorphous silicon (i-&i) differ significantly from those of well relaxed (annealed) a-Si (r-u-Si) .& ' Additionally, we must know the optical constants of different kinds of a-Si to evaluate well the optical measurements. Earlier measurements' showed that the E (complex dielectric function, c = e1 + ieZ) of i-&i and r-a-Si differ from the E of evaporated a-Si (e-a-Si) found in the handbooks as E for aSi. ' If we use this E to evaluate spectroscopic ellipsometric (SE) measurements of ion implanted silicon then the fit is very poor.' A similar thing is described by McMarr" and Vedam, McMarr, and Narayan" who also measured self-implanted fully amorphous silicon and tried to evaluate the spectra modeling the sample as a mixture of voids and a-Si prepared by low-pressure chemical vapor deposition (LPCVD) . l2 The model calculations resulted in a surprising -9% void fraction. This fact also indicates that the E of LPCVD a-Si must not be used for i-a-Si.
For the experiments Wacker made, p-type Si (100) wafers of 4-8 Sz cm resistivity were implanted with Si ions at room temperature. The implantation conditions are shown in Table I . After implantation an adequate plasma stripping procedure13 was applied to remove a possible hydrocarbon deposition. The SE measurements were followed by annealing (500 "C, 3 h, N2 ambient) to achieve the well relaxed state.2'3'7 (Well relaxed means that longer or higher temperature annealing does not change the optical properties of the layer.)
The ellipsometric measurements were performed with a rotating analyzer type ellipsometer in the 270-700 nm wavelength (4.6-1.8 eV photon energy) region at 70", 73", and 75" angle of incidence at the Twente Technical University. From these multiple-angle-of-incidence measurements we could take into account the thickness of the native oxide. The measurement error increased at the red end of the spectrum because of the light source (75 W xenon lamp)-detector system and of the fact that cos A was near -1 (Ref. 14) in the case of r-a-Si. So, we cut the spectra of this sample at 2 eV. The points at 1.96 eV (633 nm) are from measurements using a manual null ellipsometer with a He-Ne laser light source.
To check the ellipsometric results we used Rutherford backscattering spectrometry (RBS) combined with channeling. The analyzing beam was a 2 MeV 4He + beam. We determined the thickness of the amorphous silicon layer of the as-implanted sample (450 nm) and the annealed one (375 nm) . These data helped to reduce the error of evaluation.
From simulations* we can define an "information depth" (d& which is roughly equal to 3 OPD where OPD means optical penetration depth ( = U4rrk, where k is the imaginary part of the complex refractive index). From this we can calculate did as a function of A. The thickness of the amorphous layer was greater than did (except at the longest wavelength, near 700 nm) even in the case of relaxed a-Si (lower k and thinner layer). So, the error from the back (amorphous/crystalline) interface is negligible. The deduced complex dielectric functions (E = e1 -j-iez) and refractive indices are plotted in Figs. 1 and 2 . The relatively biggest difference occurs below 3 eV in eP The ez curve of i-a-% is lower and wider than the curves of others. So, the absorption of i-a8i is the highest below 3 6 eV. This fact is interesting when we try to determine the 3). Plotting (e&z) 1'3 against E and extrapolating to zero we get Eg (optical band gap energy). The results are: 0.85 eV (i-a-Si), 1.12 eV (e-a-Si), 1.30 eV (r-a-Si).
Roorda et aL7 recently investigated different kinds of a-Si. They characterized i-a-Si, r-a-Si, ion implanted (reimplanted) well relaxed amorphous Si (i-r-&i), and ion implanted (with the same ion and dose) crystalline Si (ic-Si) by widely different techniques such as calorimetry, Raman spectroscopy, atomic density, and impurity diffusion measurements. They concluded that the change (structural relaxation) during thermal treatment in i-a-Si is mediated by annihilation of network defects. This picture (in terms of annihilation of point defects) is well established by the abovementioned comparative experiments of i-a-Si, i-r-a-Si, and i-c-Si. The results of our measurements support this explanation, i.e., the optical change can be attributed to the annihilation of point defects. The i-a-Si is the most defected material, so there is the largest number of states in the band gap. This fact explains that the Eg is the lowest and the absorption is the highest below 3 eV in the case of i-a-Si.
We show the complex dielectric function of LPCVD made a-Si (Ref. 12) in Fig. 1 (dotted curve) . It is interesting (but not surprising) that this curve is very close to the curve of r-a-Si. (r-a-Si was annealed at 500 "C and the LPCVD a-Si was made at 600 "C.)
In summary, we determined the complex dielectric function of different kinds of amorphous silicon prepared by self-implantation and thermal relaxation. (The results are summarized in Table II . The data at 1.5 eV are from Ref. 18.) These measurements show that the complex dielectric function (so the complex refractive index) of implanted u-Si differs from E of relaxed (annealed) a-Si. Moreover, its ediffers from the E of evaporated a-Si found in the handbooks as E for a-Si. So, we must use E of implanted a-Si to evaluate rightly optical measurements of implanted silicon samples.
We deduced the optical band gap of these materials using the Davis-Mott plot. The resulted Eg 0.85 eV (i-aSi), 1.12 eV (e-a-Si), 1.30 eV (r-a-Si) . These results support the explanation which attributes the optical change to annihilation of point defects. The identification of these defects needs further investigation.
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